This paper used graphite nanoparticles with the diameter of 35 and 80 nm and LB2000 vegetable based oil to prepare graphite oil-based nanofluids with different volume fractions by two-step method. The tribological properties of graphite nanoparticles as LB2000 vegetable based oil additive were investigated with a pin-on-disk friction and wear tester. Field emission scanning electron microscope (FE-SEM) and energy dispersive spectroscopy (EDS) were used to examine the morphology and the content of some typical elements of wear scar, respectively. Further, the lubrication mechanism of graphite nanoparticles was explored. It was found that graphite nanoparticles as vegetable based oil additive could remarkably improve friction-reducing and antiwear properties of pure oil. With the increase of volume fraction of graphite nanoparticles, the friction coefficient and the wear volume of disk decreased. At the same volume fraction, the smaller particles, the lower friction coefficient and wear volume. The main reason for the improvement in friction-reducing and antiwear properties of vegetable based oil using graphite nanoparticles was that graphite nanoparticles could form a physical deposition film on the friction surfaces.
Introduction
In manufacturing process, friction and wear result in the increase of energy consumption and the reduction in the life of mechanical parts. Therefore, how to reduce the friction and wear is an important issue, which needs to be studied urgently. The oil is a kind of traditional medium to reduce the friction and wear. However, with the development of mechanical manufacturing technology, high temperature and pressure during the friction process make the oil work not so well, which requires enhancing the lubrication characteristics of oil.
Nanofluids are fluids obtained by suspending nanoparticles with average sizes below 100 nm in base fluids [1] . Many researchers have reported that the addition of nanoparticles can improve the tribological properties of pure oil. Nanoparticles that have been employed as pure oil additive are graphite [2] [3] [4] , molybdenum disulfide [5] [6] [7] , and carbon nanotubes [8] [9] [10] . Huang et al. [11] synthesized graphite nanosheets with average diameter of 500 nm by stirring ball milling and evaluated the tribological properties of graphite nanosheets as paraffin oil additive. It was found that the antiwear ability and load carrying capacity of paraffin oil could be improved by the addition of graphite nanosheets. Lee et al. [12] carried out the friction and wear tests using super gear oil (EP220) containing graphite nanoparticles and reported that the addition of graphite nanoparticles to the pure oil led to a lower friction coefficient and less wear rate. Prasad et al. [13] discussed sliding wear characteristics of a gray cast iron over a range of applied loads using mineral oil containing graphite nanoparticles. The wear rate of cast iron increased with load in general, while the addition of 5 wt.% graphite to the pure oil brought about a decrease in the wear rate. When the concentration was higher than 10 wt.%, the wear rate significantly decreased at high loads. Hwang et al. [14] studied the tribological behaviors of graphite nanoparticles as mineral oil additive using a disc-on-disc tribotester and found that the improvement in friction-reducing and antiwear properties of pure oil was attributed to the presence of spherical nanoparticles, which prevented direct contact between frictional surfaces. An et al. [15] produced nanolamellar tungsten and molybdenum 2 Journal of Nanomaterials The literature review shows that less work has been done on the addition of graphite nanoparticles to improve the lubrication characteristics of vegetable based oil. Therefore, the object of this paper is to investigate the tribological properties of graphite nanoparticles as vegetable based oil additive and reveal the lubrication mechanism of graphite nanoparticles.
Experimental Details

Preparation of Graphite
Oil-Based Nanofluids. Since twostep method is simple, it was used to prepare graphite oilbased nanofluids in this paper. The base fluid used in this research was LB2000 vegetable based lubricant, which is produced by ITW Rocol North American Co., Ltd. Graphite nanoparticles with the diameter of 35 and 80 nm, purchased from Beijing DK Nano Technology and Xuzhou Jiechuang New Material Technology Co., Ltd., respectively, were used throughout these experiments. The properties of graphite nanoparticles and LB2000 vegetable based oil are listed in Tables 1 and 2 , respectively.
The graphite-LB2000 nanofluids with different volume fractions ranging from 0.05% to 0.25% were prepared at ambient temperature by dispersing a certain amount of graphite nanoparticles in LB2000 vegetable based oil using KQ-100DE ultrasonic cleaner with a 100 W output power and 40 KHZ frequency. To obtain a good dispersity and stability of graphite nanoparticles in LB2000 vegetable based oil, the ultrasonication time used was 1.0 h for most of nanofluids prepared. However, the ultrasonication time was 1.5 h for graphite-LB2000 nanofluids prepared with 80 nm graphite nanoparticles with the volume fraction of 0.25%.
Friction and Wear Experiment.
A pin-on-disk friction and wear tester ( Figure 1 ), which is produced by Swiss CSM Co., Ltd., was used to study the tribological properties of graphite nanoparticles as vegetable based oil additive. Figure 2 presents the basic configuration of pin-on-disk tribotester.
The pin and disk were fixed on the stent and test bench, respectively. Loading weight was put on the top of pin; thus a positive pressure was produced. The servo motor drove the rotating shaft and test bench according to the specific rotation speed. A relative sliding was produced between pin and disk, constituting a pair of sliding friction pairs. The pin (Φ6 × 20 mm) and disk (Φ30 × 7.8 mm) were made of cemented carbide and Ti-6Al-4V titanium alloy, respectively. Before friction and wear experiments, the surface of disk was ground with a 200 and 800 mesh sandpaper, respectively. Thus the surface roughness of disk obtained was = 0.4 m. The basic composition and mechanical properties of friction pairs are shown in Table 3 . The variation of friction coefficient with friction time was recorded automatically. The wear volume of disk was measured by the Micro XAM-3D surface profiler. After the friction and wear experiments, the specimens were cleaned using an ultrasonic bath in petroleum ether for 10 min. The topographies of wear scars of disks were observed using a JSM-7001F and S-4800 field emission scanning electron microscope (FE-SEM). The content of some typical elements on the surfaces of wear scars was examined on energy dispersive spectroscopy (EDS). The detailed experimental conditions are shown in Table 4 .
Results and Discussion
Influence of Graphite Nanoparticles on Friction-Reducing
Property of Vegetable Based Oil. Figure 3 shows the variation of friction coefficient with friction time for various lubrication conditions. It can be seen from Figure 3 that, under dry friction condition, with the increase of friction time, the friction coefficient decreased firstly, then increased, and eventually reached a stable state. In terms of dry friction, the friction coefficient at a high normal force was lower than that at a low normal force. This may be due to the formation of oxide film caused by high temperature and pressure during friction process. Under the condition of vegetable based oil and vegetable based oil with graphite nanoparticles, the friction coefficient gradually decreased and then got to a steady value. As shown in Figure 3 , the friction coefficient under the condition of vegetable based oil and vegetable based oil with graphite nanoparticles was lower than that under dry friction condition almost on the whole friction time, especially using vegetable based oil with graphite nanoparticles. This indicated that graphite nanoparticles played an important role in reducing the friction coefficient. By comparing Figure 3 (a) with Figure 3(b) , it can be found that, in case of vegetable based oil and vegetable based oil with graphite nanoparticles, the decrease in friction coefficient relative to dry friction became less when the normal force increased from 2 N to 10 N. Figure 4 shows the influence of volume fraction of graphite nanoparticles on friction-reducing property. In case of 0% volume fraction, it was a purely vegetable based oil lubrication process. As shown in Figure 4 , increase in volume fraction of graphite nanoparticles resulted in the reduction in the average friction coefficient, regardless of particle size and normal force. This may be due to the fact that more graphite nanoparticles could enter into the contact surfaces. At the same volume fraction, graphite-LB2000 vegetable based oil nanofluids with 35 nm graphite nanoparticles presented a lower average friction coefficient than graphite-LB2000 vegetable based oil nanofluids with 80 nm graphite nanoparticles. This can be attributed to the fact that graphite nanoparticles with small size could more easily penetrate into the contact surfaces. At the normal force of 2 and 10 N, the maximum reduction in average friction coefficient relative to pure LB2000 vegetable based oil was 53.23% and 20%, respectively, which could be obtained using graphite-LB2000 nanofluids with 35 nm graphite nanoparticles with the volume fraction of 0.25%. It can also be seen from Figure 4 that, in case of LB2000 vegetable based oil with or without graphite nanoparticles, increase in normal force led to the increase in average friction coefficient.
Journal of Nanomaterials a) and (b) ) dry friction, ((c) and (d)) using LB2000 vegetable based oil without nanoparticles, ((e) and (f)) using vegetable based oil containing 35 nm graphite nanoparticles with the volume of 0.25%, and ((g) and (h)) using vegetable based oil containing 80 nm graphite nanoparticles with the volume of 0.25%.
Influence of Graphite Nanoparticles on Wear-Reduction
Capability of Vegetable Based Oil. Figure 5 shows the influence of volume fraction of graphite nanoparticles on the wear volume of disk. As shown in Figure 5 , with the increase of volume fraction of graphite nanoparticles, the wear volume of disk decreased, irrespective of particle size and normal force. Moreover, when the volume fraction was the same, the smaller graphite nanoparticles, the lower wear volume. At the normal force of 2 and 10 N, the maximum reduction in wear volume of disk with respect to pure LB2000 vegetable based oil was 9.61% and 11.44%, respectively, which could be achieved using graphite-LB2000 nanofluids with 35 nm graphite nanoparticles with the volume fraction of 0.25%. This suggested that the addition of graphite nanoparticles could enhance the wear-reduction capability of LB2000 vegetable based oil even at high normal force. Figure 6 presents the FE-SEM morphologies of wear scars of disks for various lubrication conditions. It can be seen from Figure 6 that the wear scars 6 Journal of Nanomaterials 
Surface Analysis.
Lubrication Mechanism of Graphite Nanoparticles as
Vegetable Based Oil Additive. Figure 7 shows the tribological model of nanoparticles as oil-based lubricant additive. As shown in Figure 7 (a), contact surfaces can not be absolutely smooth. Further, the contact part is composed of a large number of convex and concave portions. Some convex portions contact with each other between friction surfaces. Although the load of contact surfaces is small, due to the fact that the surface area of convex portions is small, the convex portions are welded together because of partial high pressure, thus causing friction and wear. As shown in Figure 7 (b), when a certain amount of nanoparticles is added into pure oil as additive, on one hand the nanoparticles can penetrate into the concave of friction surface and mend the damage position of friction surface effectively and on the other hand the nanoparticles might be deposited on the rubbing surface, which separates the contacting surfaces. The lubrication mechanism of graphite nanoparticles as LB2000 vegetable based oil additive can be confirmed by the results of FE-SEM and EDS. As shown in Figure 8(a) , as graphite nanoparticles owned small size and high surface energy, they could stably adsorb on the rubbing surfaces lubricated by LB2000 vegetable based oil, implying that graphite nanoparticles might form a physical deposition film on the rubbing surfaces. The EDS spectra of surface of wear scar lubricated by LB2000 vegetable based oil with graphite nanoparticles revealed a strong C characteristic spectral line (Figure 8(b) ). This indicated that graphite nanoparticles were transferred to the contact faces to lubricate the friction pairs.
Conclusions
Based on the investigation on the tribological properties of graphite nanoparticles as LB2000 vegetable based oil additive, the following conclusions can be drawn:
(1) Graphite nanoparticles could significantly improve the friction-reducing and antiwear properties of pure Journal of Nanomaterials 7 vegetable based oil. Increase in the volume fraction of graphite nanoparticles brought about the reduction in friction coefficient and wear volume of disk. Furthermore, at the same volume fraction, graphite nanoparticles with smaller particle size seemed more effective in reducing the friction coefficient and wear volume of disk.
(2) The addition of graphite nanoparticles in LB2000 vegetable based oil made the morphologies of wear scars smoother. Moreover, the furrows on the surfaces of wear scars were shallower and slender in case of LB2000 vegetable based oil with graphite nanoparticles than those in case of pure LB2000 vegetable based oil lubrication.
(3) Lubrication mechanism of graphite nanoparticles as vegetable based oil additive was that graphite nanoparticles could form a physical deposition film on the friction surfaces, owing to small size and high surface energy, consequently resulting in the decrease of friction coefficient and wear volume.
